Magnetic hyperthermia has the potential to play an important role in cancer therapy and its efficacy relies on the nanomaterials selected. Superparamagnetic iron oxide nanoparticles (SPIONs) are excellent candidates due to the ability of producing enough heat to kill tumor cells by thermal ablation. However, their heating properties depend strongly on crystalline structure and size, which may not be controlled and tuned during the synthetic process; therefore, a postprocessing is needed. We show how thermal annealing can be simultaneously coupled with ligand exchange to stabilize the SPIONs in polar solvents and to modify their crystal structure, which improves hyperthermia behavior. Using high-resolution transmission electron microscopy, X-ray diffraction, Mossbauer spectroscopy, vibrating sample magnetometry, and lock-in thermography, we systematically investigate the impact of size and ligand exchange procedure on crystallinity, their magnetism, and heating ability. We describe a valid and simple approach to optimize SPIONs for hyperthermia by carefully controlling the size, colloidal stability, and crystallinity.
■ INTRODUCTION
Magnetic hyperthermia that employs nanomaterials has unique advantages, including spatiotemporally controlled treatment of the targeted disease in a noninvasive manner. 1−3 Superparamagnetic iron oxide nanoparticles (SPIONs) have been widely investigated for use in hyperthermia treatment of cancer due to their exceptional capability to generate thermal energy in alternating magnetic fields at the targeted area. 4, 5 This ability to act as "heaters" is strongly correlated to a narrow particle size distribution, their superparamagnetic behavior, and crystal structure. 4, 6, 7 However, challenges associated with SPIONs relate to their intrinsic colloidal instability in physiological conditions and the impossibility to precisely tune their crystallinity by adapting the synthesis procedure. 8−14 Therefore, it is crucial to develop strategies to enhance the particles' colloidal stability and to adjust their crystallinity as desired.
In this study, we investigated systematically the use of ligand exchange processes to simultaneously transfer and to stabilize SPIONs in aqueous suspensions that are suitable for magnetic hyperthermia and to obtain monocrystalline particles of a defined crystalline phase, i.e., magnetite (Fe 3 O 4 ) (Scheme 1). Following the thermal decomposition method, i.e., the most common method to obtain low-polydisperse SPIONs with well-defined size and shape, 15, 16 we synthesized two different SPIONs batches that are characterized by different nominal sizes and observed how the SPIONs' crystalline structure varied with size. With this synthetic procedure, wustite crystals as well as spherical, cubical, and octahedral particles containing a wustite core (FeO) and a spinel shell have been reported in the literature as a direct outcome of their synthesis. [8] [9] [10] [11] [12] 14, 17 These crystals typically show poor superparamagnetic properties 18, 19 and must be converted to pure spinel phases (either magnetite or maghemite) to be efficiently used as cancer eradicators. 20 Therefore, we also investigate how ligand exchange processes can be used to directly alter the crystal phase of SPIONs at the same time as transferring the particles to polar solvents to enhance their applicability in biomedical applications. 21−23 Finally, we correlated the crystalline phases with the magnetic properties, and we studied how these parameters influence the hyperthermia behavior.
■ EXPERIMENTAL SECTION Materials. All chemicals were of analytical reagent grade unless further specified and were used without any purification. Iron(III) chloride hexahydrate (99%), oleic acid (technical grade, 90%), citric acid (99.5%), N,N-dimethylformamide (DMF, 99.8%), 1,2-dichlorobenzene (DCB, 99%), hydrochloric acid (HCl, 37%), nitric acid (HNO 3 , 65%), and diethyl ether (99%) were supplied by Sigma-Aldrich. Sodium oleate (97%) and tri-n-octylamine (97%) were purchased from TCI. Absolute ethanol and acetone were purchased from VWR Chemicals. Octyl-β-D-glucopyranoside was purchased from Alexis Biochemicals. All aqueous solutions were prepared with deionized water obtained from a Milli-Q system (resistivity = 18.2 Ω, Millipore AG).
Particles Synthesis and Functionalization. SPIONs Synthesis. Iron oxide nanoparticles with average diameters of 10 and 20 nm (10-OA and 20-OA) were synthesized by thermal decomposition of the iron oleate complex according to a modified literature procedure. 15 Briefly, the iron oleate complex (15.9 g), prepared by reacting iron chloride (FeCl 3 ·6H 2 O, 8.6 g) with sodium oleate (29.8 g) , was heated to 320°C in the presence of oleic acid (2.5 g) in tri-n-octylamine (115.2 mL). The solution was heated as follows: 25 to 100°C, heating rate = 10°C/min; 100 to 196°C, heating rate = 4.5°C/min; 196 to 320°C, heating rate = 3°C/min. The final temperature was kept for 30 min (10 nm particles) or 1 h (20 nm particles). Then the solution was quickly cooled to 25°C in 10 min (10 nm particles) or 30 min (20 nm particles). Afterward, the nanoparticles were separated by three sequential centrifugations as follows: 3 min at 30000g in a solution of hexane and ethanol (ratio 1:5). The resulting oleic acidcoated nanoparticles were redispersed in different organic solvents (hexane, chloroform, or toluene) and stored at 4°C. Particles stored in hexane were stabilized by adding an excess of oleic acid (0.12 mg of oleic acid/mg of Fe).
Citric Acid Coating. A ligand exchange procedure was performed to exchange oleic acid on the SPIONs surface with citric acid yielding nanoparticles stable in polar solvents. 24 For this, SPIONs were dispersed in a solvents' mixture of DCB and DMF (ratio 1:1). Citric acid was then added (0.8 mg of citric acid/mg of Fe), and suspensions were stirred for 48 or 24 h at different temperatures: 30°C (48 h) and 50, 70, and 100°C (24 h). Following this, the nanoparticles were precipitated in 200 mL of diethyl ether and recovered with a magnet (nickel-plated NdFeB, Supermagnete). The resulting citric acidcoated SPIONs were washed in acetone and finally redispersed in Milli-Q water.
PVA-Catechol Coating. PVA-catechol (M w = 5 kDa) was synthesized by following a previously described procedure 25 and coupled to the citric acid-coated particles (7 mg of PVA-catechol/mg of Fe) leading to an initial grafting density of 10 molecules/nm 2 . The suspensions containing the particles and the polymer were sonicated overnight.
Surfactant Coating. 9 mg of 20 nm oleic acid SPIONs were transferred from hexane to 1 mL of chloroform. 38 mg of octyl-β-Dglucopyranoside (M w = 292.37) were dissolved in 1 mL of Milli-Q water, and the SPIONs suspension was slowly added to the surfactant solution. The final suspension was sonicated for 40 min to evaporate the chloroform, and the particles were finally resuspended in 2 mL of Milli-Q water.
Particles Characterization: TEM, DLS, ζ-Potential, and Iron Quantification. The size and morphology of citric acid SPIONs were investigated by transmission electron microscopy (TEM). Samples were prepared by drying the nanoparticle suspensions on copper carbon-coated mesh grids. Micrographs were acquired with a Tecnai Spirit transmission electron microscope (FEI) operating at 120 kV and equipped with a Veleta CCD camera (Olympus). The core diameters of the nanoparticles were estimated with automatized size distribution analysis software (ImageJ, National Institutes of Health).
Complementary investigation of SPIONs' size and colloidal stability was performed with a dynamic light scattering (DLS) setup (3D LS spectrometer, LS Instruments AG). The suspension was diluted to a low concentration (0.05 mg/mL Fe) to avoid multiple light scattering. Data were collected at 25°C with a scattering angle of 90°and were analyzed with a customized script in Mathematica Scheme 1. Synthesis and Functionalization of SPIONs a a Oleic acid-coated particles, obtained by thermal decomposition of a preformed iron oleate complex, were stable in organic solvents. SPIONs were then transferred to water by (1) exchanging the oleic acid with citric acid (at different reaction temperatures) or by (2) encapsulation in octyl-β-Dglucopyranoside. Citrate particles were further functionalized with PVA-catechol-phthalimide to ensure stability in biological media.
(Version 10.1, Wolfram Research Inc.) developed to selectively remove spikes arising from small clusters and dust. 26 The efficiency of the coating for citrate-and PVA-catechol-coated particles was checked with ζ-potential measurements performed with a commercial device (90Plus zeta-potential analyzer, Brookhaven Instruments Corp).
The iron concentration of the SPIONs was quantified by using inductively coupled plasma optical emission spectroscopy (ICP-EOS, PerkinElmer Optima 700 DV). Samples were prepared by a two-step microwave-assisted digestion (Multiwave PRO, Microwave Reaction System, Anton Paar): 10 μL of each suspension was predissolved in a mixture of HNO 3 , H 2 O 2 , and Milli-Q water and subsequently redigested in HCl. Each experiment was repeated in triplicate three times.
Crystalline Structure Analysis: High-Resolution HAADF-STEM, EELS, and XRD. All samples were investigated by using an aberrationcorrected Titan microscope operated at 120 kV. To identify the crystalline phase of the nanoparticles, both high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) imaging and electron energy loss spectroscopy (EELS) experiments were performed. X-ray diffraction (XRD) patterns were collected on an Ultima IV X-ray diffractometer (Rigaku, Japan, Cu Kα, 2θ measuring range: 20°−80°). To identify phase composition and weight fraction, the data were analyzed by using Match3 X-ray powder diffraction software (Crystal Impact GbR) followed by Rietveld refinement.
Magnetic Measurements: VSM and Hyperthermia Characterization. The magnetic properties of the SPIONs were investigated with a vibrating sample magnetometer (VSM, Model 3900, Princeton Measurements Corp.). The samples were dried on hydrophobic cotton pellets and fixed on the sample holder with Si grease. Magnetization was measured at room and low temperature as a function of the magnetic field. The hysteresis loops at room temperature were recorded by using a measurement averaging time of 300 ms and a constant field increment. Low-temperature measurements were made with the same instrument with a PCM cryostat and using an averaging time of 500 ms to improve the signalto-noise ratio. Data were collected, and the magnetic moment was normalized by the iron mass to obtain magnetization.
The hyperthermia properties of all nanoparticles were investigated with a new technique based on lock-in thermography (LIT) recently described. 27 All magnetic field experiments were performed on a commercial alternating magnetic field generator (Magnetherm V1.5, Nanotherics Ltd.) operating at 523.4 kHz and 14.7 kA/m. LIT recordings and analyses were performed as previously described 28 at a modulation frequency of 1 Hz over 200 cycles.
Mossbauer Spectroscopy. Mossbauer spectroscopy measurements were performed in transmission geometry using a conventional constant-acceleration spectrometer with 57 Co−Rh source. Spectra were collected at different temperatures under high vacuum (10−6 Torr) in a commercial Janis He closed cycle cryostat. The isomer shift values were taken with respect to an α-Fe calibration foil measured at room temperature. To avoid potential changes in the oxidation state of the nanoparticles during the measurements, spectra were collected as received with the SPIONs suspended in appropriated solvent (CA coating in water and OA coating in hexane). NORMOS program developed by Brand et al. 29 was used for peak fitting of the experimental spectra.
■ RESULTS AND DISCUSSION
The as-synthesized oleic acid (OA)-coated SPIONs display a spherical shape and high monodispersity with an average diameter of 9.5 ± 0.4 and 20.2 ± 1.6 nm, respectively. They are colloidally stable in organic solvents (Supporting Information, Figure S1 and Table S.1). These two particle batches will be termed 10-OA and 20-OA in the following text. Figures 1 and 2 show high-resolution transmission electron microscopy (HR-TEM) images and X-ray diffraction (XRD) analyses of both batches of OA-coated SPIONs, respectively, where two distinct crystalline phases can be identified within the particles. While 10-OA consists of a single magnetite domain, 20-OA shows a more complex core/shell structure.
Throughout the high-angle annular dark-field scanning TEM (HAADF-STEM) image and oxidation state maps, which were obtained from electron energy loss spectroscopy (STEM-EELS) ( Figures 1.1 and 1. 2), a core−shell structure is identified, which is composed of a magnetite shell surrounding a wustite core. XRD analysis and Mossbauer spectroscopy confirm the observed compositions ( Figure 2 and Figure S2 , respectively).
In particular, XRD patterns of 10-OA support a magnetite phase, while a more complex structure is found for 20-OA ( Figure 2 , more details on estimated crystalline size in Table   S .2). To achieve a more reliable phase and structure determination, Rietveld refinement was attempted using the Fe 3 O 4 (space group Fd3̅ m) and FeO (Fm3̅ m) structures based on the electron diffraction (ED) data. However, the combination of the two cubic iron oxides could not be resolved from the shoulder peaks at 42°and 61°2θ (marked by arrows in Figure 2 .1), suggesting either a deviation of the actual particle from the cubic structure or the potential presence of a third phase. The ED from the shell (Figure 2. 2.b) is consistent with a cubic Fe 3 O 4 structure. However, the ED of the core region (Figure 2. 2.a), which contains scattering from both the core and shell of the particle, shows an additional reflection, which could be assigned to either (001) for FeO or (002) for Fe 3 O 4 . These reflections are, however, forbidden in the cubic symmetry, suggesting a possible deviation from this symmetry. Because the ED from the shell of the particle is compatible with a cubic Fe 3 O 4 , we thus investigated further a distortion of the cubic FeO in the core. This structural deviation, if it occurs, resides most likely in the core−shell interface associated with an inhomogeneous distribution of Fe 2+ and Fe 3+ , thus reflecting a structure transition from FeO to Fe 3 O 4 . Therefore, we performed a series of refinements incorporating a monoclinically distorted FeO structure (C2/ m) 30 to represent an average structure between the FeO core and Fe x O y interface. Given the small length scale of this structural feature whose complexity lies on the atomic level, the refinement results were qualitatively satisfactory as it was challenging to disentangle this interface from the whole particle for a precise structural analysis using the conventional diffraction method. The contribution of the Fe 3 O 4 shell and FeO core that is calculated from these refinements is shown in Figure 2 Mossbauer spectra of both OA SPIONs samples supported the crystalline structures described above using XRD and HR-TEM data ( Figure S2 ). While Mossbauer spectra of 10-OA and their hyperfine parameters fit a magnetite phase, 31 the analysis of 20-OA hyperfine parameters illustrates the contribution of Fe 3+ A sites and the Fe 2+/3+ B sites of the inverse spinel structure of magnetite, and Fe 2+ with possibly some Fe 3+ of a wustite phase 9,10,32,33 (more details in Figures  S2.1 
and S2.2 and Tables S.3 and S.4).
In general, the presence of the FeO phase is related to reduction phenomena occurring during the thermal decom-position of iron oleate where the production of CO and H 2 reductive gases reduces Fe 3+ to Fe 2+ , resulting in the generation of FeO crystals. As wustite is a nonstoichiometric thermodynamically unstable compound, 34 Fe 2+ ions tend to be quickly oxidized to Fe 3+ , resulting in a spinel-type oxide more stable thermodynamically. 8 In the case of 10-OA, the FeO crystals could be oxidized to magnetite during the synthesis process. For particles larger than 14 nm a complete oxidation does not occur, resulting in the formation of FeO/spinel-type oxide structures as observed for the 20-OA sample. 8 At this point, it is clear that the crystallinity is not fully tuned during synthetic process in the larger SPIONs, which are the best candidate for hyperthermia. 4 Therefore, we explored postprocessing procedures to modify not only their crystallinity but also the colloidal stability of the SPIONs. We transferred both (10-OA and 20-OA) particles to water using citric acid (CA) at 100°C for ligand exchange. 24 CA-coated particles, 10-CA and 20-CA, were then further functionalized with catecholend-terminated poly(vinyl alcohol) ( 1 H NMR spectra in Figure S3 ) 25 to improve their colloidal stability in biological media (10-PVA and 20-PVA). Upon functionalization, the samples were characterized by dynamic light scattering (DLS), ζ-potential measurements (Table S. S4  and S5 ). The functionalization processes did not alter the crystal lattice of the smaller particles (10-OA): high-resolution HAADF-STEM imaging of 10-CA and 10-PVA (Figure 1.1) shows a spinel-type oxide structure oriented along a [111] zone axis for 10-CA and along a [110] zone axis for 10-PVA. The difference between magnetite and maghemite (which has similar crystal structure) was analyzed by STEM-EELS, and these experiments indicated the presence of approximately 66% Fe 3+ and 33% Fe 2+ corresponding to magnetite for both type of nanoparticles ( Figure S6 ). The refinement of the XRD patterns of 10-CA and 10-PVA showed that all Bragg reflections could be indexed and matched Fe 3 O 4 magnetite (Figure 2 .1, crystalline size in Table S .2). Moreover, Mossbauer analysis on 10-CA confirmed the presence of a single iron oxide phase (i.e., magnetite) as observed for 10-OA ( Figure S2.3 
1), and TEM (Figures

and Table S.5).
Because of the peculiar crystalline structure of 20-OA, these particles were functionalized not only with the procedure mentioned above but also with different methods to investigate the effects on the crystal oxidation. Therefore, the nanoparticles were functionalized with octyl-β-D-glucopyranoside (OG) and by ligand exchange with CA varying the reaction temperature (Scheme 1 and Table S.1). OG functionalization was chosen as it has been proven to be appropriate for SPIONs encapsulation in liposomes 35 while CA functionalization, a more robust ligand exchange, allowed us to vary the reaction temperature without altering the ligands. With this series of experiments, we could show that the reaction temperature during phase exchange is the crucial parameter steering the oxidation of the wustite core toward magnetite, while ligand exchange promotes colloidal stability in polar solvents, which is a basic requirement for any (biological) application. 2, 24 SPIONs functionalized at room temperature with OG (20-OG) and at 30 and 50°C with CA (20-CA-30 and 20-CA-50) preserved their crystalline structure independently from the functionalization protocol and the coating as shown by XRD analysis (Figure 2 High-resolution HAADF-STEM and STEM-EELS measurements corroborate the XRD data. Both measurements of 20-CA and 20-PVA indicate the absence of a core/shell structure; EELS results on 20-CA show a composition of 66% Fe 3+ and 33% Fe 2+ throughout the nanoparticles, corresponding to a magnetite crystal (Figure 1.2) . We also investigated the role of CA in the oxidation process. Here, we annealed the 20-OA sample at 100°C in the absence of CA by performing the same ligand exchange used for the 20-CA sample 24 but avoiding the addition of CA in the process. This resulted in destabilization of the particles, which quickly aggregated both in polar and in organic solvents, due to partial release of OA from their surface. 36 XRD analysis confirmed the oxidation of these particles ( Figure S7) ; however, because of their intrinsic colloidal instability it was not possible to further characterize this sample and to perform, for example, magnetic hyperthermia measurements. Nevertheless, this experiment clarified the role of CA that solely promotes colloidal stability. On the other hand, the annealing process itself is responsible for the oxidation of FeO/Fe 3 O 4 nanoparticles to Fe 3 O 4 ones, as previously reported in the literature. 37 The differences observed in the crystalline structures have a major impact on the magnetic properties of the analyzed nanoparticles. In the case of 10 nm SPIONs, the magnetic behavior, which has been investigated by vibrating sample magnetometry, is the same regardless of the coating (Figure  3 .1). At 300 K, 10-OA, 10-CA, and 10-PVA show zero coercivity ( Figure S8.1) , indicating that the samples are superparamagnetic, while below 100 K the coercivity increases as particles undergo magnetic blocking (Figure 3.3) . In all cases, the magnetic curves did not fully saturate and presented maximum magnetization that is lower than the saturation magnetization of magnetite (Ms = 92 emu/g). 34 These results can be due to the presence of a more oxidized contribution, 34 i.e., maghemite, or surface spin effects; 38 i.e., because of a high surface/volume ratio, a magnetic contribution from uncoupled spines from surface atoms is enhanced. Surface effects can dominate the overall magnetic behavior and strongly affect both saturation magnetization and ability to reach saturation for small oxide nanoparticles. 38 Figure S9 for 20-CA-30, -50, and -70). While 20-CA and 20-PVA are superparamagnetic, the presence of the wustite core of 20-OA, however, drastically decreases the particles' magnetization at 300 K. At lower temperatures 20-OA shows a pronounced increase in coercivity and is not close to saturation in the maximum field of 5 kOe (Figure 3.2 , inset, and Figure  3 .4). This behavior is related to wustite as it undergoes magnetic ordering but may be also related to core−shell interactions arising at the interface of the two phases, as it has been previously shown in the literature. 8, 10, 37, 41 Nanoparticle size and crystalline structure are parameters that affect the particles' magnetization and have a major influence on the heating power of the SPIONs. We observe this by performing hyperthermia measures on our samples. To do so, we use a recently developed technique based on lock-in thermography, 27, 28 in which the colloidal suspensions are excited with a modulated AMF and the heating signature is recorded with a synchronized IR camera and re-elaborated with a demodulation algorithm. 28 The resulting heating power of the nanoparticles is then expressed in terms of intrinsic loss of power (ILP, Figure 4 ). 42 From the obtained data, we observed that small SPIONs (10-CA and 10-PVA) do not produce a detectable heat under the mentioned field conditions (frequency: 523.4 kHz; magnetic field amplitude: 14.7 kA/m). Indeed, considering the narrow size distribution of these particles and their shapes ( Figure S1 ), the estimated crystalline size (Table S. 2), and the low magnetization saturation (Figure 3.1) , the thermal energy of 10-CA and 10-PVA is expected to be minimal according to the current understanding of magnetic hyperthermia phenomena based on the linear response theory (LRT). 4, 43 When 10 nm magnetite nanoparticles are synthesized by means of the coprecipitation method, higher ILP values can be observed. 44 These results depend strongly on the fact that nanoparticles obtained by coprecipitation usually present high polydispersity (i.e., presence of nanoparticles much larger than the average 10 nm size) and high magnetization saturation due to low surface effects and fewer defects in crystallinity.
The 20 nm SPIONs with a wustite/magnetite structure (20-OG, 20-CA-30, and 20-CA-50) has a weak signal. As expected, the sample functionalized at 70°C (20-CA-70) generate more heat due to an increased presence of magnetite. In the presence of pure magnetite (20-CA), the ILP value was significantly enhanced more than 5 times and was not further changed upon functionalization with a catechol ligand (20-PVA).
When observing the results obtained for 10-CA, 10-PVA, 20-CA, and 20-PVA it is immediately evident that for the same experimental conditions, shape, crystal structure (i.e., magnetite), and colloidal stability, the diameter strongly influences the heating power. These results highlight the dramatic size effect and are in line with the current literature. 43, 45 Indeed, when superparamagnetic nanoparticles are exposed to an alternating magnetic field, they dissipate heat through Neél and Brown relaxation phenomena as described before. 4 Both Neél and Brown relaxations depend on various parameters including particle diameter: 4 Neél relaxation shows an exponential dependency on the nanoparticle's magnetic volume, while Brownian relaxation is directly proportional to the hydrodynamic volume. 4 At a given magnetic field and frequency, iron oxide nanoparticles between 12 and 20 nm typically yield the highest SAR values. 4, 43, 45 Smaller spherical iron oxide nanoparticles particles generally dissipate less heat. 43 Apart from size, particle magnetic properties (e.g., magnetic anisotropy and magnetization saturation), their colloidal stability, and size polydispersity play crucial roles, too. 4, 27, 43 Finally, DLS analyses in complex media were performed and verified the effect of the PVA coating on particle colloidal stability ( Figure S10 ). Particles coated with citric acid (20-CA) quickly aggregated, and partially flocculated, PVA-coated SPIONs (20-PVA) were stable in all experiments.
■ CONCLUSION
In summary, we demonstrate a method to design optimized SPIONs for magnetic hyperthermia by following a protocol employing a synthesis method with postprocessing. The synthesis that is used provides good control over particle size and low polydispersity. However, the particles that were coated with oleic acid, a surface ligand to stabilize them in organic solvents, and the larger SPIONs display inadequate crystallinity. To overcome these limitations, we demonstrate how a simple ligand exchange process can be used to simultaneously anneal the SPIONs and stabilize them in polar solvents. We observe that in the presence of oxygen the temperature of ligand exchange is the key parameter influencing the crystalline structure and the magnetic properties of the SPIONs. Furthermore, we correlate the heating power with respect to both size and crystallinity. SPIONs with 10 nm diameter do not produce detectable heat, and 20 nm SPIONs that have a wustite core display poor hyperthermia properties. The purely magnetite SPIONs, on the other hand, have high heating power. Finally, we demonstrate that colloidal stability can be improved in biological media by coating the particles with polymer without affecting the SPIONs' behavior.
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